Hemoglobin switching, the phenomenon whereby different phenotypes of hemoglobin are expressed in erythroid cells at various stages ofdevelopment, provides a model system for investigation ofthe cellular mechanisms that control gene expression in development and differentiation. In man, fetal hemoglobin, Hb F, is replaced by adult hemoglobin, Hb A, during the perinatal period, but a residual synthesis of Hb F persists postnatally in the form ofproduction ofsmall numbers ofF cells (1, 2) . F cells contain both Hb A and Hb F, and they are derived from the same pluripotent stem-cell progenitors as the erythrocytes that fail to express Hb F (3) (4) (5) . When erythroid progenitors [erythroid burst-forming unit(s); BFUe(s)] from adult persons are used for culture, reactivation of Hb F synthesis appears in the clones (6) (7) (8) (9) . Hence, cultures of BFUes provide a tool for investigating the cellular mechanisms controlling the expression of Hb F in adult cells.
Clones produced by the BFUes appear in culture in the form of multilobed colonies (erythroid bursts); each erythroid burst is composed of several subclones formed by progeny of the BFUe cell that initiates the clone. Studies of individual erythroid bursts with fluorescent anti-Hb antibodies have revealed striking differences in expression of Hb F among erythroid bursts (7) . Most significantly, differences in the expression of Hb F can exist among the subclones in a burst originating from a single cell (7) . Such 
METHODS
The technique we used for BFUe cultures has been described in detail (6, 7) . Plates from the days of peak hemoglobin formation were used for labeling with monospecific anti-hemoglobin antibodies. The plasma-clot preparations were transferred onto glass slides, flattened, fixed in methanol, rinsed with phosphate-buffered saline, dried, and incubated with 5-10 ,ul of anti-Hb F antibody conjugated to fluorescein isothiocyanate. After a 1-hr incubation at 37°C, the labeled preparations were washed with saline and with water, dried, and counterlabeled (for 3 hr) with anti-Hb A or anti-Hb S antibody conjugated to rhodamine. Preparations were viewed through appropriate filters for fluorescein isothiocyanate and rhodamine in a Zeiss Universal fluorescent microscope. Observations in erythroid bursts that were composed of well spatially distributed subclones were used for the analyses. Each subclone was scored for Hb F expression; Hb F-expressing sectors ofsubelones were scored separately. In each erythroid burst, the number of Hb F-expressing subclones, the number of Hb F-expressing sectors, and the subclones failing to express Hb F were analyzed.
On the basis oftheir composition in subclones expressing Hb F or subclones without detectable levels of Hb F by immunofluorescence, the erythroid bursts were classified into three phenotypes, F+ bursts being those in which all the subclones were F+A+, F-bursts being the ones in which all the subclones were F-A+, and F+/F-bursts being those containing at least one F+A+ and one F-A+ subclone (Fig. 1) . In each experiment the frequency ofthe two phenotypes ofsubclones and the three phenotypes of the bursts were computed ( (Table 1) . Also, in all of the experiments, there were significant differences in the average sizes (number of subclones per burst) of the three burst phenotypes (Table 1) . These were interpreted previously to suggest that BFUes forming the F+ or F-bursts, respectively, originated from BFUes forming the F+/F-bursts (10) . In addition to average sizes, we computed the frequency distributions of the three phenotypes of bursts among the five size categories (Fig. 2) . The frequency of F+ and F-bursts decreased as the number of subclones per burst increased, and there was a concomitant increase in the frequency of F+/F-bursts (Fig.  2) . We noted that these distributions were compatible with the possibility that the expression of Hb F in the subclones was stochastic because a fundamental prediction of a stochastic model would be that smaller clones would more likely be monomorphic (F+ only or F-only), whereas larger bursts would have a greater probability of being bimorphic (F+/F-). Fig. 2 and Fig. 3 ). For any given burst size and for a given value of P, the model predicts frequencies of F+, F-, or F+/F-clones that were similar to the experimental frequencies. In addition, the model reproduced the dependence of the relative frequencies of the three clone phenotypes on clone size. Certain discrepancies between observations and expectations also were noted. In several experiments there was a displacement of the predicted distributions to the left ofthe observed ones by about one division (Figs. 4 and 5). For example, predictions for bursts composed of four subclones showed a better fit to the observations than for bursts composed ofeight subclones. This may suggest that the options F-bursts of various sizes could be predicted as follows. Summing over all bursts with a defined size ofm subclones, the relative frequencies of F+A' and F-A' subclones will be P and (1 -P), respectively. Among the F+A' subclones, Pn will be restricted to monomorphic F+ bursts, and the remainder, P -P"', will be in bimorphic Ft/F-bursts. Analogously, among the F-A+ subclones, (1 -P)m will be in monomorphic Fbursts, and (1 -P) -(1 -P)m will be in bimorphic F+/F- FIG. 3 . Frequency distributions of F, F-, and F/F-bursts according to size computed by using the relationship described inResults and taking the frequency of F+A' subclones per experiment (Table 1) to be P and the frequency of F-A' subclones to be 1 -P. Symbols as in Fig. 1 . bursts. Thus, the predicted ratio of F+ to F-subclones in bimorphic bursts is: F+ p_ pm F-(1 -P)-(1 P) M Fig. 6 illustrates the applicability of this relationship to the observed data. The fit supports the prediction of this relationship that the F+:F-ratio in F+/F-bursts should increase monotonically for P > 0.5 and decrease monotonically for P < 0.5 and (in both cases) approach a value of P/(1 -P) asymptotically. 
DISCUSSION
Stochastic models previously have been invoked to explain commitment to terminal differentiation in induced mouse erythroleukemia cells (11, 12) and the process of commitment and self-renewal of murine pluripotent stem cells in vivo or in vitro (13, 14) . The observations and the analyses described in this paper strongly suggest that the expression of Hb F in the adult erythroid cultures is also controlled by a cellular process that is stochastic. Our 6 . Observed (e) and expected ( ) ratios of F+A+:F-A' subclones composing the F+/F-bursts. The burst sizes and expected ratios were computed as described. Let x = observed ratios and y = predicted ratios. For the straight line that is the best least-square fit to the data, y = 1.01 and x = -0.10, with a correlation coefficient of 0.96 (the 95% confidence limit for the lower value of the correlation coefficient is 0.93). Thus, there is a high degree of correlation between the observed and predicted data.
We have proposed a mechanism of cellular regulation of Hb F that is based on the assumption that there is an inverse relationship between the potential of the adult BFUes to provide progeny expressing the Hb F program and their level of differentiation (10) . We (10) . We suggest that the phenomenon of "premature" commitment to terminal differentiation is the stochastic event depicted in our analyses (Fig.  7) . During its differentiation, the adult BFUe cell has two options: (i) to complete its differentiation and then become committed to the initiation of the globin program or (ii) to become committed to terminal differentiation prematurely (i.e., before completion ofits differentiative process). The first option leads to formation of only Hb A-expressing cells. The second option may lead to formation of Hb F-expressing cells. Each of the options is taken with probabilities P and 1 -P, respectively (Fig. 7) .
We also propose that the probability for Hb influenced by both the environment and the state of differentiation of the BFUes. In vivo, in the normal adult individual, the hemopoietic environment is such as to inhibit premature commitment ofBFUes and, thereby, to decrease the probability P for F cell formation (Fig. 7) . In culture, the environment enhances premature commitment ofBFUe cells; hence, increased numbers of F cells and colonies are formed. The differences in *the degree of activation of Hb F synthesis in the cultures of normal adult BFUes (Table 1; refs. 6 and 7) may result from the differences in the value of P related to the inadequate control of the culture environments. The difference in frequencies of Hb F-expressing subclones in the cultures of erythroid progenitors of Hb S homozygous persons and of normals (Table 1; ref. 6) might result from differences in the value of P (shown as P' and P' in Fig. 7 ) related to differentiation characteristics of BFUes. 
